Charge trapping in polymer transistors probed by terahertz spectroscopy and 

scanning probe potentiometry 
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Terahertz time-domain spectroscopy and scanning probe potentiometry were used to investigate 
charge trapping in polymer field-effect transistors fabricated on a silicon gate. The hole density in 
the transistor channel was determined from the reduction in the transmitted terahertz radiation 
under an applied gate voltage. Prolonged device operation creates an exponential decay in the 
differential terahertz transmission, compatible with an increase in the density of trapped holes in 
the polymer channel. Taken in combination with scanning probe potentiometry measurements, 
these results indicate that device degradation is largely a consequence of hole trapping, rather than 
of changes to the mobility of free holes in the polymer. 
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The promise of printable, flexible electronic devices 
and displays has fuelled the development of the poly- 
mer field-effect transistor (pFET) over the past decade. 
However, the long-term performance of state-of-the-art 
pFETs is limited by degradation mechanisms that cause 
the threshold voltage to increase in magnitude. Q, 0, 0, 
C3- [3- (Z3| The principal effect is thought to be charge 
carrier trapping in either the organic semiconductor or 
at the semiconductor/insulator interface, which screens 
the applied gate voltage. In many structures the effect 
of contact resistance on device degradation needs to be 
considered, and can make the reliable extraction of the 
trapped-charge density solely from I — V characteristics a 
difficult task. [3 It is therefore desirable to use a noncon- 
tact technique, such as spectroscopy or potentiometry, 
to investigate charge trapping in pFETs. In this let- 
ter, we report on a noncontact study of the degradation 
mechanisms in polymer FETs, performed using a charge 
modulation technique based on terahertz time-domain 
spectroscopy [H (TDS). Terahertz radiation interacts 
strongly with charge carriers in a material, with a frac- 
tional transmission change AT/T (on injection or pho- 
toexcitation of charges) proportional to the complex con- 
ductivity of the thin film. 10] We demonstrate that tera- 
hertz TDS permits us to monitor the density of trapped 
holes in the accumulation layer by coupling the low- 
mobility holes to higher-mobility electrons in the silicon 
gate. Correlation of these findings with scanning probe 
potentiometry measurements allows us to assess sepa- 
rately the contributions to transistor degradation arising 
from changes in the contact resistance, field-effect mobil- 
ity and trapped-carrier density. 

A schematic diagram of the bottom-gate, bottom- 



contact polymer transistors fabricated for this study is 
shown in Fig.^ The semiconducting polymer poly[(9,9- 
dioctylnuorene-2,7-diyl)-co-(bithiophcnc)] (F8T2) was 
deposited through spin casting from solution (in a layer 
of 100 nm thick) onto an interdigitated gold array (chan- 
nel length of 40 /im, finger width of 50 /im, total channel 
width of 45 mm). The gate electrode comprised a lightly 
n-doped silicon wafer (2.5 x 10 15 cm -3 ) with a total thick- 
ness of 0.62 mm, and a 200 nm thick SiC>2 gate dielectric. 
The transistors exhibited p-type conduction upon appli- 
cation of a negative gate voltage and a source-drain bias. 

We used a terahertz time-domain spectrometer similar 
to the one described in Ref. to measure the terahertz 
radiation transmitted through the transistor. To create 
charge-modulation effects, an a.c. square wave bias volt- 
age V g was applied to the gate, typically V & = <-> —30 V 
at 40Hz.^I| A lock-in amplifier was used to measure the 
change AT (resulting from the V g modulation) in the 
terahertz electric field T transmitted through the tran- 
sistors [Fig. mb)]. The terahertz beam and transistor 
were kept in a vacuum of 1 mbar to minimize terahertz 
absorption from atmospheric water vapor. In order to ob- 
tain good transmission (25 %) through the device it was 
necessary to orient the transistor with the fingers of the 
interdigitated array at 90° to the plane of polarization 
of the incident terahertz electric field. However, in this 
geometry the interdigitated array diffracts the incident 
terahertz radiation at wavelengths close to the repeat 
period of the array (A = 90 /jm in silicon, corresponding 
to 0.98 THz in vacuum). This results in a first diffraction 
minimum in AT/T near 1 THz [Figs.^: and d] and fur- 
ther reductions at higher frequencies. We have therefore 
limited our data analysis to the unaffected free spectral 
range up to ~ I THz. 

Figs. IHb) and (c) display the measured change in ter- 
ahertz electric field AT under the application of a bias 
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-30 V, which is approximately 250 times 
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smaller than the size of the electric field T transmitted 
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FIG. 1: (Color online) (a) Schematic diagram of the transis- 
tor sample geometry for terahertz TDS. Application of a neg- 
ative gate voltage gives rise to holes in the accumulation layer 
in the polymer and highly-mobile electrons in the silicon gate, 
(b) Measured terahertz electric field T(f) after transmission 
through transistor (solid line) and change in transmitted ter- 
ahertz electric field AT(t) [dashed line, multiplied by x 100] 
upon application of a gate voltage Vg = «-» —30 V. Both 
are given as a function of electro-optic sampling delay time 
t. (c) Amplitude spectra of the transmitted THz radiation 
T{y), and change in transmitted amplitude AT(v) — T(V g = 
—30 V) — T(Vg = V) obtained from the time-domain data in 
b) through Fourier transformation, (d) Change in transmis- 
sion AT/T as a function of frequency. The artefact close to 
1 THz is a result of diffraction from the interdigitated array 
formed by the electrodes, as explained in the text. 
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FIG. 2: (Color online) (a) Measured differential transmission 
AT/T for a range of gate voltage modulations <-> Vg with 
V g =-10 V (circles), -20V (triangles), -30V (squares), -40V 
(diamonds), and -50 V (crosses). The solid lines are fits to the 
data based on the Drude-Lorentz thin-film model described in 
the text, with AT/T <x V g tx n h . (b) When V g = <-> -30 V 
is applied for times t' (half the measurement time, owing to 
the 50% Vg duty cycle) the differential transmission (circles) 
decays initially exponentially (straight line). The time con- 
stant t = 7.1 ± 2.4 x 10 3 s of this decay was determined by 
averaging fits for three nominally identical transistors, over 
the first 40 minutes. The trapped charge density remaining 
in the channel during the off period, n5J ff (i')/n™(0) [squares, 
extracted from the modelled fits to AT/T, with charge den- 
sity n™(0) — 3.2 x 10 12 cm -3 when on] saturates at large t' . 
(c) Hole trapping rate 1/r obtained from exponential fits to 
AT/T during application of <-> — V g for 30min. 



through the transistor. No transmission changes were ob- 
served after the F8T2 layer was chemically removed, or 
for devices fabricated without the polymer layer. Fig- 
ure ^1 shows that on the application of a gate bias 
the transistor transmits less terahertz radiation (nega- 
tive AT/T), indicating the creation of a partially re- 
flective layer through changes in the charge carrier den- 
sity. A negative V g induces both a hole accumulation 
layer on the polymer/insulator boundary, and an elec- 
tron accumulation layer of equal surface carrier density 
on the insulator/gate boundary [Fig-UJa)]. The observed 
transmission change of terahertz radiation with applied 
gate bias arises primarily from the electrons in the sili- 
con, as the mobility of holes in the accumulation layer 
(/i = 7 x 10~ 3 cm 2 V _1 s _1 , estimated from the current in 
the saturation regime) is more than five orders of magni- 
tude lower than the electron mobility in the silicon gate 
(~ 1400cm 2 V" 1 s _1 ). This interpretation is confirmed 
by the lack of a transmission change found for an all- 
polymer transistor (on a quartz substrate) within the ex- 
perimental noise floor limit of AT/T < 1 x 10~ 5 . For 
silicon-gate polymer transistors the electron layer in the 
gate therefore acts as an indirect, but sensitive probe of 
the hole density in the polymer, by coupling it to higher 
mobility electrons in the silicon. 



AT/T increases linearly with the applied gate volt- 
age [Fig. Ufa)], in accordance with an increase of charge 
density in the channel. We have modelled these data 
using standard thin- film transmission coefficients. The 
accumulation layer in the silicon gate was assumed to 
have a constant electron concentration N c over a thick- 
ness S e at each gate voltage. The parameters used were 
in good accord with those obtained from an analytical 
solution of Poisson's equation at the SiC^/Si boundary. 
The Drude-Lorentz model was used to calculate the di- 
electric function of the electron layer, with scattering rate 
r = 1.5 x 10 12 s _1 . 

Excellent agreement with the experimentally measured 
AT/T is obtained for an electron accumulation layer den- 
sity of Nf = 2.5 x 10 15 cm~ 3 in the 'off' (V g = V) state 
and N° n = 4.0 x 10 18 cnT 3 in the 'on' (V g = -30V) 
state when S e = 8nm, as shown in Fig. Ufa). The 
plasma frequency in the "off" ("on") state is 0.2 THz 
(8.8 THz). Assuming that the sheet charge density in 
the polymer (n/j) is the same as that in the gate (n e ), 
the hole accumulation layer charge density for a pristine 
transistor in the "on" state, iV™, can be calculated from 
Vj° n = N° n 5 e /6h, where Sh and 5 C are the thickness of the 
hole and the electron accumulation layer, respectively. 
Taking 5^ — 1 nm as a reasonable approximation we ob- 
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tain N° n = 3.2 x 10 19 cm" 3 at V g = <-> -30 V, in good 
agreement with typical values found in the literature. |14| 
Using identical parameter values to those determined 
above for V s = —30 V, but scaling n c and 6 e linearly 
with gate voltage, results in model curves closely match- 
ing the measured AT/T over the entire range of applied 
V B [Fig. Eta)]. 

The sensitivity of our technique to the hole density in 
the transistor channel makes it an ideal tool to investigate 
the mechanisms governing degradation of these devices 
under prolonged application of a gate bias voltage. Mea- 
surements of AT/T as a function of biasing time [given 
in Fig. Hfb)] show an exponential decrease for approxi- 
mately the first hour, after which the values gradually 
saturate. We attribute these changes to an increase in 
density of trapped holes at the polymer/insulator inter- 
face with time, resulting in a larger hole density n^ ff in 
the "off" state (and therefore also an increased n° s , since 
trapped holes remain in the channel and contribute to the 
signal) . Figure Efb) displays n£ as a function of oper- 
ating time, as extracted from the data using the model 
described above under the assumption that all other pa- 
rameters are unaffected by degradation. The hole density 
for the "off" state increases considerably within the first 
hour, but then saturates at a value of approximately half 
that of the initial value in the "on" state (0) . 

The exponential nature of the initial decay of the 
AT/T signal indicates that the hole trapping rate in 
the polymer is a linear function of the carrier density 
(i.e. dn/dt = —n/r) and therefore incompatible with the 
bipolaronic trapping mechanism (dn/dt oc n 2 ) that has 
recently been proposed as a contributor to device degra- 
dation on timescales below 1 s.jjJQ Fig.Et demonstrates 
that the initial trapping rate 1/r, extracted from expo- 
nential fits to the initial decay, is proportional to the 
applied gate voltage. This linear rise in 1/r suggests 
that the trapping cross-section or the trap density (or 
both) increase with gate bias, as suggested recently by 
Salleo and Street. 0] We find that the decrease in AT/T 
is temporarily reversible under illumination, but only for 
photon energies above the polymer bandgap, confirm- 
ing that the degradation mechanism is largely associated 
with changes in the polymer. |l3j Similar device recovery 
is also found after leaving the device with V e = V in the 
dark, as observed previously. Q The modulation period 
used was too short to obtain significant carrier detrap- 
ping during the 'off' state, and consequently we attribute 
the trapping dynamics to a combination of shallow and 
deep traps. 

Finally, we compare the insights gained about polymer 
transistor degradation from terahertz TDS techniques 
with those that may be obtained from more established 
techniques based on noncontact potentiometrv. |l5l [lfj 
For this purpose, we have conducted scanning Kelvin- 
probe microscopy (SKPM) measurements, which can 
track the electrostatic potential in the accumulation layer 
with a high spatial resolution (< 100 nm). The F8T2 
transistors investigated were similar to those examined 
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FIG. 3: (Color online) Source current (top), source con- 
tact resistance (middle) and field-effect mobility (bottom) 
of a2/im channel length F8T2/300nm Si0 2 /Si pFET as a 
function of operating time, normalized to their initial val- 
ues and shown on a semi- logarithmic plot. The curves were 
extracted from scanning Kelvin-probe microscopy measure- 
ments across the transistor channel. A constant gate voltage 



bias of 14 



-40 V was applied, to produce an initial sheet 



charge density nu = 2.9 x 10 12 cm -2 comparable to that in the 
terahertz experiments. The dotted lines are exponential fits 
to (LtF at early and late operating times, with time constants 
t — 1.2 x 10 4 s and r = 5.6 x 10 4 s respectively. 



using terahertz TDS apart from a reduced channel length 
(2/im), limited by the range of the SKPM tip. Figure |3| 
displays the resulting source-drain current /, contact re- 
sistance R, and channel field-effect mobility /ip = Mh^h 
as a function of operating time of the F8T2 transistor. 
It can be seen that the early nonexponential decay of I 
is caused by a rapid initial increase of the contact re- 
sistance with operating time. The field-effect mobility, 
on the other hand, shows an initial exponential decay 
(r = 1.2 x 10 4 s) comparable to that obtained from THz- 
TDS (r = 7.1 x 10 3 s), before tending to saturate at longer 
operating times. These results demonstrate the difficulty 
in extracting meaningful information about the dynamics 
of carrier trapping in pFETs from I — V characteristics, 
which arc significantly influenced by changes in contact 
resistance. |7| The observed decay of the field-effect mobil- 
ity may be caused either by a decrease in hole mobility or 
hole density in the channel. The combined THz-TDS and 
SKPM measurements therefore suggest that the changes 
in field-effect mobility with transistor operation time are 
dominated by a reduction in the density of mobile car- 
riers, rather than a decrease in general mobility of all 
charges in the channel. 

In conclusion, we have investigated the mechanisms 
for degradation of polymer-based FETs using a combi- 
nation of terahertz spectroscopy and noncontact poten- 
tiometry. The observed terahertz transmission change 
under a gate bias were attributed to the layer of high- 
mobility electrons that forms in the silicon gate as mir- 
ror charges to the lower-mobility hole accumulation layer 
in the polymer. During the "on" state of the transistor, 
the plasma frequency of the electron layer is shifted up- 
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wards in frequency, permitting highly sensitive, noncon- 
tact probes of the accumulated charge density through 
terahertz TDS. Our measurements demonstrate an ini- 
tial monoexponential decrease of the terahertz differen- 
tial transmission signal with biasing time, in agreement 
with an increase of trapped charge density in the poly- 
mer present also during the "off" state. Complementary 
SKPM measurements show that the contact resistance 
strongly influences the source-drain current at early de- 
vice operation times (<40min). I-V curves taken on their 
own therefore do not provide direct access to the charge- 



trapping dynamics in pFETs. By being sensitive only 
to electrons in the silicon gate, the terahertz TDS mea- 
surements are not influenced by the hole mobility in the 
polymer. From the results of both terahertz TDS and 
SKPM techniques we infer that an increase in trapped- 
charge density, rather than a decrease in single-carrier 
mobility, is responsible for the decline in field-effect mo- 
bility with operation time. 
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